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(54) Optical device and projection display 

(57) An optical device which is suitable for use in a 
projection display comprises a spatial light modulator 
40, such as a liquid crystal device, with a microlens array 
42 disposed on its front surface. The microlenses 58 are 
of convergent type, such as lenticules. The spatial light 
modulator is of the reflective type and comprises a plu- 
rality of rear reflectors 59, each of which has convergent 



optical power in at least one direction. The reflectors 59 
are arranged such that, for a given direction of illumina- 
tion, each reflector 59 forms an image of the aperture A 
of a microlens on the aperture B of another microlens 
or at a different position on the same microlens. When 
used in, for example, a projection display, light losses 
caused by vignetting are reduced. 
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Description 

[0001] the present invention relates to an optical de- 
vice and to a projection display incorporating such an 
optical device. 5 
[0002] GB 9 811 782.3 discloses a projection display 
in which a transmissive spatial light modulator (SLM) in 
the form of a liquid crystal device (LCD) is illuminated 
by an illumination source. The display is of the single 
panel type and includes a holographic field element and io 
a projection optical system. Each picture element (pixel) 
of the SLM is associated with a holographic field ele- 
ment reflector which reflects light from the source to the 
entrance aperture or pupil of. a projection lens. The field 
function of the display is thus incorporated in the holo- *5 
graphic reflectors. The holographic reflectors may be 
patterned in order to generate a spatially multiplexed im- 
age without the use of absorptive colour filters. 
[0003] This arrangement has the inconvenience that 
either the holographic field element reflector in the form 20 
of a volume hologram must be incorporated immediately 
adjacent the liquid crystal layer which involves manu- 
facturing difficulties, or the holographic reflectors may 
be incorporated inside the counter substrate of the SLM, 
which reduces the aperture ratio and hence the display 25 
brightness. 

[0004] Figures 1 and 2 of the accompanying drawings 
illustrate a known type of single panel projection display 
as disclosed in H. Hamada et al, IDRC, 1994, pp 
442-423 "A new bright single panel LC-projection sys- 30 
tern without a mosaic colour filter 4 ' and in US 5 1 64 1 02. 
An illumination source (not shown) directs collimated 
white light to a set of relatively tilted dichroic mirrors 1 
for reflecting red, green and blue light with a relative an- 
gular separation. The resulting colour component 35 
beams are directed to a microlens array 2 disposed on 
the surface of a monochrome thin film transistor (TFT) 
LCD 3. Each microlens of the array 2 is disposed above 
three pixels and focuses the red, green and blue light 
beams onto the apertures of respective ones of the three 40 
pixels. The LCD 3 is of the transmissive type and the 
modulated light therefrom passes through a field lens 4 
and a projection lens 5 such that the image is projected 
onto a screen 6. 

[0005] The size of the image of the light source pro- 45 
duced at each pixel is determined by the system eten- 
due, the pitch of the LCD pixels and the thickness of the 
glass substrate. Etendue is a term representing bright- 
ness at any point in a system and is defined as the prod- 
uct of the beam area and solid angle of the beam diver- 50 
gence. For efficient coupling of optical radiation through 
a projection system, the etendue should be matched at 
each point through the system. Etendue mismatch 
causes a loss of brightness. In this transmission panel 
system, the light must be focused into the relatively 55 
small aperture of the pixel. Thus, the solid angle of the 
optical beam will be required to increase to compensate 
in order to maintain brightness. If the glass substrate is 
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too thick then such a solid angle cannot be achieved by 
the microlenses and light is lost around the edge of the 
pixel. Also, green light may spill from the aperture of the 
green pixel into the red pixel and so on. 
[0006] This type of arrangement works well for large 
low resolution LCD panels. However, if it is required to 
provide a higher resolution display for a given size of 
LCD panel, smaller pixel sizes must be provided and it 
may not be possible to illuminate such smaller pixels ac- 
curately with the available etendue. Alternatively, a larg- 
er panel may be used but this results in an increase in 
the bulk of the system. 

[0007] C. Joubert et al, "Dispersive holographic mic- 
rolens matrix for single LCD projection", SPIE vol 2650 
pp 243-249 discloses a projection display as illustrated 
in Figure 3 of the accompanying drawings. An arc lamp 
7 and parabolic reflector 8 supply collimated white light 
to a phase volume hologram 9 which separates the illu- 
minating white light into red, green and blue beams with 
a small angular separation between each adjacent pair 
of beams. A cylindrical microlens array 10 focuses the 
R.G,B beams into the apertures of pixels in an LCD 11 .. 
This display is of the same type as that disclosed in Ha- 
mada but with the dichroic filters replaced by the holo- 
gram 9. Accordingly, this display suffers from the same 
problems associated with beam atendue, panel size and 
glass thickness. 
. [0008] JP 9 015 626 A discloses a reflection mode 
projection display as shown in Figure 4 of the accompa- 
nying drawings. An LCD 12 is provided with a microlens 
array 13 having microlenses formed on its upper and 
lower surfaces. The LCD 12 comprises composite pix- 
els, each of which is aligned with a respective microlens 
14 formed on the front surface of the array 13. Each 
composite pixel comprises individual sub-pixels 15,16 
and 17 aligned with respective microlenses such as 18 
on the lower surface of the array 13. The sub-pixels 
15,16 and 1 7 modulate red, green and blue light respec- 
tively, so as to provide a single panel colour display. 
[0009] The LCD 12 incorporates plane reflectors, 
each of which forms part of a respective colour compo- 
nent sub-pixel. The green reflector 1 9 is disposed in the 
plane of the LCD 1 2 whereas the red and blue reflectors 
20 and 21 are tilted in opposite directions. 
[0010] Incident collimated colour component light 
beams are shown at 22B.22G and 22R. Each of the light 
beams is focused by the microlens array 1 3 to the ap- 
erture the corresponding sub-pixel and onto the corre- 
sponding reflector 19 to 21 . The reflectors 1 9 to 21 have 
no optical power and reflect the colour component light 
beams substantially back along the incident light paths. 
Thus, light is reflected back through the same micro- 
lenses so that the input and output pupils are at the 
same location. It is therefore necessary to provide a 
beam splitter in the optical system so that the output light 
from the LCD 1 2 for projection can be separated from 
the path of the input light from the illumination system. 
This results in increased bulk and weight together with 
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light and contrast losses. Also, as described hereinafter, 
vignetting occurs and this results in further light losses. 
[001 1 ] JP 1 0221 681 also discloses the use of a mic- 
rolens array on the front surface of a reflective LCD. 
Each colour component sub-pixel of the LCD has a 5 
plane reflector which gives rise to vignetting and loss of 
light. Also, the rnicrolens array is of the two dimensional 
type and further loss occurs because of lens edge ef- 
fects and'the reduced aperture ratio of the lenses. How- 
ever, separate input and output pupils are provided so 10 
that a beam splitter is not required. 
[001 2] US 5 825 443 discloses an arrangement which 
is similar to that disclosed in JP1 0221 681 and which 
therefore suffers from the same disadvantages. 
[0013] bP 0 953 865 discloses a projection display *5 
which m:iudcs an optical modulator comprising an LCD 
of reflective tyoe and two rnicrolens arrays. The micro- 
lens arrnys are aligned with each other and have a pitch 
which is irvee times the pitch of the individual colour 
component pixels of the LCD. Each aligned pair of mi- so 
crolenses is said to constitute a relay optical system 
having a magnification of 1 . The rear electrodes of the 
LCD pixels constitute plain reflectors. The use of the 
second rnicrolens array between the first rnicrolens ar- 
ray and the LCD results in increased chromatic aberra- 25 
tion which reduces the coupling efficiency of the device. 
Also, there are several interfaces between materials of 
different refractive index resulting in substantial losses 
due to Fresnel reflection which reduce the efficiency of 
the device. Further, the separation between the second 30 
array of microlenses and the reflective pixels results in 
loss of brightness because of vignetting. Also, it is nec- 
essary during manufacture to align the two rnicrolens 
arrays in the counter substrate and then align this to the 
back plain of the LCD, which makes the device difficult 35 
and expensive to manufacture. 
[0014] According to a first aspect of the invention, 
there is provided an optical device comprising an array 
of convergent microlenses disposed in front of a reflec- 
tive spatial light modulator comprising a plurality of rear *o 
reflectors, characterised in that each of the rear reflec- 
tors has convergent optical power. 
[001 5] Each of the reflectors may be arranged to form 
a laterally displaced image of a rnicrolens aperture or a 
part thereof substantially at the plane of the apertures «5 
of the microlenses of the array. The size of the image 
may be substantially the same as the size of the micro- 
lens aperture or part thereof. For a predetermined direc- 
tion of incident illumination, each of the reflectors may 
be arranged to form an image of a first rnicrolens aper- 
ture or part thereof at or within a second rnicrolens ap- 
erture or part thereof. 

[0016] Each of the reflectors may have a focal length 
substantially equal to half the optical path between an 
associated one of the microlenses and the reflector. 
[0017] Each reflector may have convergent optical 
power in a first direction transverse to an optical axis of 
the device and may have no optical power in a second 



direction transverse to the optical axis of the device and 
substantially perpendicular to the first direction. Each re- 
flector may be blazed in the second direction and the 
first and second rnicrolens apertures may comprise dif- 
ferent parts of the same rnicrolens aperture. 
[0018] Each reflector may comprise a metallised relief 
structure. Each reflector may be faceted. 
[0019] Each reflector may comprise a volume holo- 
graphic element. 

[0020] Each of the microlenses may have optical pow- 
er in a third direction transverse to an optical axis of the 
device and no optica! power in a fourth direction trans- 
verse to the optical axis of the device and substantially 
perpendicular to the third direction. The third and fourth 
directions may be substantially parallel to the first and 
second directions, respectively. The array of microlens- 
es may comprise a one dimensional array of cylindrical^ 
converging microlenses. 

[0021] Each rnicrolens or part thereof may be associ- 
ated with a respective set of the reflectors. The spatial 
light modulator may comprise a plurality of composite 
picture elements, each of which is associated with a re- 
spective rnicrolens or part thereof, and comprises a plu- 
rality of sub-picture elements, each of which is associ- 
ated with a respective one of the respective set of the 
reflectors. The reflectors of each set may be different 
from each other and corresponding reflectors of the sets 
may be substantially identical to each other. 
[0022] The spatial light modulator may comprise a liq- 
uid crystal device. The reflectors may be disposed be- 
tween a liquid crystal layer and a substrate of the liquid 
crystal device. The reflectors may planarised. As an al- 
ternative, a substrate of the liquid crystal device may 
have a surface relief corresponding to the reflectors so 
that the liquid crystal layer has a substantially uniform 
thickness. 

[0023] According to a second aspect of the invention, 
there is provided a projection display characterised by 
comprising a device according to the first aspect of the 
invention, an illumination system for illuminating the de- 
vice; and projection optics for projecting an image cor- 
responding to modulation of light from the illumination 
system by the spatial light modulator. 
[0024] The projection optics may have an input pupil 
which is laterally spaced from an output pupil of the il- 
lumination system. The output pupil may be disposed 
off-axis with respect to the device. The input pupil may 
be disposed on-axis or off-axis with respect to the de- 
vice. 

[0025] The display may comprise a field lens dis- 
posed between the illumination system and the array of 
microlenses. 

[0026] The illumination system may comprise, sepa- 
rating means for angularly separating red, green and 
blue components of light for illuminating the spatial light 
modulator. The separating means may comprise a plu- 
rality of relatively tilted dichroic mirrors. As an alterna- 
tive, the separating means may comprise a diffraction 
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element, which may comprise a blazed diffraction grat- 
ing. 

[0027] The illumination system may be arranged to il- 
luminate the spatial light modulator with light having a 
first polarisation and the projection optics may comprise 
a linear polariser for passing light from the spatial light 
modulator having a second polarisation substantially or- 
thogonal to the first polarisation. 
[0028] The device may comprise a linear polariser. 
The device may comprise a patterned half wave retarder 
comprising first regions whose optic axes are parallel or 
perpendicular to the transmission axis of the polariser 
and second regions whose optic axes are oriented at 
45° to the optic axes of the first regions. As an alterna- 
tive, the device may comprise: a patterned half wave 
retarder comprising first and second regions whose op- 
tic axis are oriented at +22.5° and -22.5° to the trans- 
. mission axis of the polariser; and an unpatterned retard- 
er whose optic axis is oriented at 67.5° to the transmis- 
sion axis of the polariser. 

[0029] The illumination system may comprise a linear 
to circular polarisation converter, the device may com- 
prise a quarter waveplate and a linear polariser, and the 
projection optics may comprise a circular to linear po- 
larisation converter. Each of the linear to circular and 
circular to linear polarisation converters may comprise 
a linear polariser and a quarter waveplate. 
[0030] The term "optical power" as used herein has 
the conventional meaning, for example as disclosed in 
"Geometrical Optics and Lens Design", P Mouroulis and 
J McDonald, Oxford University Press, 1997, ISBN 
0-19-508931-6. pages 40 to 43. In the case of a single 
spherical surface, optical power K is defined by K = c 
(n'-n), where c is the curvature of the surface, n and n' 
represent the refractive indices before and after the in- 
terface. For reflector systems, then n* = -n. A surface 
must have a non-zero K value to possess optical power. 
A plane mirror has no power (c = 0). 
[0031] The focal length f of a single spherical surface 
is defined as 1/K. However, the focal length of a surface 
can be defined more generally and measured as the dis- 
tance from the surface to the "circle of least confusion" 
for a collimated illumination at the appropriate cone an- 
gle. Thus, for "non-perfect" surfaces, there is still ah im- 
aging property of the surface that can be measured. The 
focal length is defined as being the focal length when 
measured in the relevant medium, for example in a 
counter substrate of the spatial light modulator. 
[0032] The circle of least confusion is defined, for ex- 
ample in "Optics", Hecht and Zajac, Addison-Wesley, 
1974, page 176, as being at the position at which the 
image blur of the focused spot has its smallest diameter. 
[0033] In the case of spherical or similar reflectors, 
there is optical power in two orthogonal directions which 
are perpendicular to the optical axis of the reflector. 
However, a reflector can have optical power in a single 
direction, for example when the reflector is of the cylin- 
drically converging type. In this case, the circle of least 



confusion is replaced by a strip of least confusion and 
is at the position at which the image blur of the focused 
strip has its smallest width. In this case, the optical pow- 
er K is defined in the same way as for a single spherical 
5 surface but is in one direction (in the case of a cylindrical 
reflector, perpendicular to the axis of the cylinder and to 
the optical axis of the reflector). 
[0034] The focal length of the converging reflectors of 
the present optical device may be substantially equal to 
10 half the optical separation of the microlenses from the 
reflectors when the distance from an "input" microlens 
for incident light to a reflector and the distance from the 
reflector to an "output" microlens for the reflected light 
are the same i.e. the input and output light paths are 
is symmetrical. In some embodiments where input and 
output pupils are displaced in the second direction, the 
distance between the microlens and the reflector in- 
cludes the inclination of light beams through the spatial 
light modulator, for example through the thickness of 
glass of a counter substrate. In the case of non-symmet- 
rical input and output paths, the focal length can be ad- 
justed accordingly to allow the input aperture to be im- 
aged onto the output aperture. 

[0035] The optimum converging reflecting surface 
may be an aspheric surface or a spheric surface. Height 
variations of the surface may be made compatible with, 
for example, a liquid crystal device manufacturing envi- 
ronment. For example, the surface of each reflector may 
be faceted to minimise surface undulations for liquid 
crystal materials. Such a surface may be fabricated from 
a single layer of photosensitive material by a grey-scale 
masking technique. 

[0036] In order to achieve the correct focal length, the 
tilt angle of the surface may vary across the width of a 
sub-aperture and the tilt angle of the surface at any part 
of the surface of the sub-pixel may be close to the tilt 
angle of the equivalent optimum surface. Thus, the re- 
flecting surface in a sub-pixel cannot be a singie plane 
surface. 

[0037] Although a diffractive surface may not have a 
surface curvature, nevertheless a diffractive surface 
may be arranged to focus light with a focal length as 
defined above. 

[0038] Such diffractive surfaces or structures thus 
constitute reflectors having convergent optical power. 
[0039] A plane surface has an infinite focal length 
whereas an assembly of faceted plane surfaces with ap- 
propriate variations in tilt angles has a measurable focal 
length. Accordingly, such a faceted surface also consti- 
tutes a reflector having convergent optical power. 
[0040] Although the device according to the first as- 
pect of the invention may have other applications and 
uses, for example in optical computing, this device is 
particularly suitable for use in a projection display in ac- 
cordance with the second aspect of the invention. 
[0041] It is thus possible to provide a projection sys- 
tem using a relatively large spatially multiplexed device 
in a relatively compact reflective arrangement. Although 
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colour filtering may be provided within the device in or- 
der to provide a colour projection display, such absorp- 
tive colour filters can be omitted so as to avoid light loss 
due to absorptive filtering. High aperture ratio field re- 
flectors can be used so as to maximise efficiency and 5 
may be manufactured relatively easily. For example, 
such reflectors may be manufactured using a metallised 
surface relief photoresist technique which is compatible 
with existing LCD fabrication techniques. 
[0042] It is possible to provide an arrangement in 10 
which the final pixel appearance is white with a very high 
aperture ratio. Such arrangements are extendable to 
higher resolutions. Arrangements using the crossed po- 
lariser mode, for example with a single large area polar- 
iser and patterned retarder or with an input polariser in is 
a condensing system of the illumination system and a 
"crossed" output polariser at a point near a projection 
lens of the projection optics, have low light absorption 
and can provide a higher contrast ratio than may be 
achieved with standard single polariser mode arrange- 20 
ments. Also, front reflection artefacts from the device 
may be cancelled by means of a suitable polarisation 
arrangement before entering the projection optics and 
this provides an improved contrast ratio. 
[0043] The device may make use of conventional liq- 25 
uid crystal modes so that it is possible to provide a low 
cost single panel projection system. For instance, high 
volume direct view display panels, possibly with relative- 
ly small modifications, may be used and specialist pro- 
jection light valves are not required. 30 
[0044] Vignetting which occurs in known types of dis- 
plays can be eliminated or substantially reduced so as 
to. reduce light loss and improve the display brightness 
for a given level of illumination. Also, input and output 
pupils can be separated so that a polarising beam split- 35 
ter is not necessary. This reduces the cost and bulk of 
a projection display and eliminates the light losses as- 
sociated with such beam splitters. 
[0045] The use of a reflection panel allows a higher 
aperture ratio and hence the use of longer focal length 40 
rnicrolenses compared with high resolution transmis- 
sion type panels for reasons of efficient coupling of 
beam etendue through the system. Thus, it is more prac- 
tical to incorporate the rnicrolenses externally of the 
LCD and this reduces cost and complexity of the system 45 
[0046] Some embodiments make use of a one dimen- 
sional microlens array, for example of the cylindrically 
converging lenticular screen type, and this has advan- 
tages over arrangements which use two dimensional 
microlens arrays. For example, a stripe LCD panel may so 
be used rather than a delta LCD panel. Stripe panels 
are more easily available and are easier to manufacture 
than delta panel and non-standard pixel configuration 
panels. 

[0047] Cylindrically converging lenses are easier to 55 
tolerance with respect to alignment with a stripe LCD 
panel. Also, such lenses are easy to make with substan- 
tially 100% aperture ratio compared with the generally 



lower aperture ratio of two dimensional rnicrolenses. 
Further, such lenses have a reduced boundary area and 
this minimises scatter losses. 
[0048] With such one dimensional microlens arrays, 
the output image is in the form of white stripes. This pro- 
duces an image with substantially square pixels which 
provides improved viewing quality. In some embodi- 
ments, the input and output rnicrolenses are different 
parts of the same lenticule so that irregularities between 
input and output surfaces may be minimised. 
[0049] In the case where input and output pupils are 
separated along the cylindrical axis of the lenticules, the 
visibility of facet errors in faceted reflectors is reduced. 
[0050] The reflecting element is a less complex shape 
and can be made to less strict tolerance compared with 
two dimensional rnicrolenses because the imaging re- 
flection is required in only one dimension. Thus, in- 
creased errors in surface shape can be accepted and 
this reduces complexity and cost. Also, there are fewer 
facet edges and this reduces light loss caused by poor 
imaging performance of facets. This also reduces the 
probability of degradation of alignment of the liquid crys- 
tal layer. 

[0051] The invention will be further described, by way 
of example, with reference to the accompanying draw- 
ings, in which: 

Figure 1 is a cross-sectional diagram of a first 
known projection system; 

Figure 2 is a cross-sectional diagram illustrating a 
detail of Figure 1 ; 

Figure 3 is a cross-sectional diagram illustrating a 
second known projection system; 

Figure 4 is a cross-sectional diagram illustrating a 
third known projection system; 

Figure 5 is a cross-sectional diagram of a projection 
system constituting an embodiment of the inven- 
tion; 

Figure 6 is a cross-sectional diagram of an SLM of 
the system of Figure 5 constituting an embodiment 
of the invention; 

Figure 7 is a cross-sectional diagram illustrating 
part of the system of Figure 5; 

Figures 8 and 9 are diagrams illustrating vignetting 
in a known projection system; 

Figure 10 is a diagram illustrating absence of vi- 
gnetting in the system of Figure 5; 

Figure 11 is a diagram of part of a known type of 
projection system illustrating the results of vignet- 
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ting: 

Figures 12 and 13 are diagrams Illustrating vignet- 
ting in systems of the type shown in Figure 4; 

5 

Figure 14 is a diagram illustrating absence of vi- 
gnetting in the system shown in Figure 5; 

Figure 15 is a diagram illustrating -the relative ar- 
rangement of pixels and lenticules in the system of 10 
Figure 5; 

Figure 1 6 shows diagrammatic cross-sectional and 
plarned views of part of the system of Figure 5 il- 
lustrating input and output pupil separation in a first *5 
cirecticn. 

Figure 17 is similar to 16 but illustrates a greater 
. separation between input and output pupils; 

20 

Figure 1 8a is similar to Figure 1 6 but illustrates input 
and output pupil separation in a second direction; 

Figures 18b and 18c are cross-sectional views on 
section lines B-B and C-C, respectively, in Figure 25 
18a illustrating imaging paths; 

Figure 19 is similar to Figure 18a, but illustrates an 
off-axis input pupil and an on-axis output pupil; 

30 

Figure 20 is a view similar to that of Figure 6, but 
illustrating an arrangement for achieving the pupil 
arrangement of Figure 1 9; 

Figure 21 illustrates an arrangement of a curved re- 35 
f lector; 

Figure 22 illustrates an arrangement of a faceted 
reflector; 

40 

Figure 23 is a cross-sectional diagram illustrating a 
projection system constituting another embodiment 
of the invention and having a crossed polariser liq- 
uid crystal mode of operation; 

45 

Figure 24 is similar to Figure 23, but illustrates a 
different arrangement or polarisers; 

Figure 25 is a cross-sectional diagram illustrating a 
device constituting an embodiment of the invention so 
and including a patterned retarder to provide a 
crossed polariser liquid crystal mode of operation; 

Figure 26 is a diagram illustrating polarising and op- 
tic axis of parts of the device shown in Figure 25; 55 

Figure 27 is similar to Figure 26, but illustrates an 
alternative retarder arrangement; 



Figure 28 is a cross-sectional diagram illustrating 
off-axis input and output pupils; 

Figure 29 is a cross-sectional diagram illustrating a 
polarising arrangement for reducing the effects of 
specular reflection. 

Figure 30 is a cross-sectional diagram of a device 
illustrating an alternative colour separation arrange- 
ment; 

Figure 31 is a cross-sectional diagram illustrating 
an alternative illumination system homogenising ar- 
rangement; 

Figure 32 is a diagram illustrating how etendue - 
modified colour images and illumination source al- 
low a smaller projection lens to be used; 

Figure 33 is a diagram illustrating an alternative 
etendue - modifying light source for the projection 
system of Figure 5; 

Figures 34 to 36 illustrate a method of making re- 
flectors for the device of Figure 6; . 

Figure 37 is a cross-sectional diagram illustrating in 
more detail the structure of a device as shown in 
Figure 6; 

. Figure 38 is similar to Figure 37, but illustrates a 
modified structure; 

Figure 39 is a cross-sectional diagram of a device 
of the type shown in Figure 6 illustrating an arrange- 
ment of a microlens array; and 

Figure 40 is a cross-sectional diagram illustrating a 
device of the type shown in Figure 6, but modified 
to provide uniform liquid crystal layer thickness with 
curved reflectors. 

[0052] Like reference numerals refer to like parts 
throughout the drawings. 

[0053] The projection display shown in Figure 5 com- 
prises a light source 30, for example in the form of a high 
pressure metal-halide arc lamp, disposed within a par- 
abolic reflector 31 , which produces a substantially colfi- 
mated output beam. The output beam is supplied 
through a first fly-eye lens 32 and a second fly-eye lens 
33 to a polarisation conversion arrangement 34 of 
known type in the form of an array of polarising beam 
splitters and waveplates. The light is converted by the 
polarisation conversion arrangement 34 so that the out- 
put light is substantially linearly polarised in the s polar- 
isation state. 

[0054] A first condenser lens 35 collects the light from 
the arrangement 34 and directs the light into a substan- 
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tially homogenised linearly polarised patch of light at a 
second condenser lens 36 via a set of dichroic mirrors 
37. The dichroic mirrors 37 comprise a mirror 37R which 
reflects red light and transmits the remainder of the 
spectrum, a mirror 37G which reflects green light and 
transmits the remainder of the spectrum, and a mirror 
37B which reflects blue light and transmits the remain- 
der of the spectrum. Alternatively, since only blue light 
passes through both of the mirrors 37R and 37G, the 
mirror 37B may be a conventional silvered mirror or the 
like which reflects substantially all incident light. The 
mirrors 37R, 37G and 37B are tilted with respect to each 
other by a small angle so as to produce red, green and 
blue output light beams whose directions of propagation 
are also angled with respect to each other. 
[0055] The second condenser lens 36 produces an 
image of the first condenser lens 35 at a third condenser 
lens 38. Light from the lens 38 is deflected by a plane 
mirror 39 towards a reflective LCD panel 40 so that the 
lens 38 forms an image of the lens 36 at the panel 40. 
The lens 38 thus represents an illuminating light source 
for the panel 40. Light from the lens 38 passes through 
a field lens 41 . a microlens array 42 and a polariser 43 
before being incident on the reflective panel 40. As an 
alternative, the lens 38 and the mirror 39 may be com- 
bined into a single element in the form of a curved re- 
flector. 

[0056] The output pupil of the illumination source, 
which acts as an input pupil for the parts 40 to 43 of the 
display, is shown at 44. The parts 40 to 43 direct light to 
an output pupil shown at 45 and representing the input 
pupil of a projection lens 46. The input and output pupils 
44 and 45 are laterally displaced from each other. 
[0057] The reflective LCD panel 40, the microlens ar- 
ray 42 and the polariser 43 are shown in more detail in 
Figure 6. The panel 40 comprises a substrate 50, a 
counter-substrate 51, a liquid crystal layer 52 and a re- 
flector arrangement 53. Electrodes, alignment layers 
and other elements of the LCD panel 40 are not shown 
for the sake of clarity. The panel 40 is pixellated so as 
to comprise a plurality of composite pixels 54, each of 
which comprises a red sub-pixel 55, a green sub-pixel 
56 and a blue sub-pixel 57. The array 42 comprises a 
plurality of microlenses 58. The array 42 may comprise 
a two dimensional array, for example, of square or rec- 
tangular microlenses, in which case each microlens 58 
is associated with a respective composite pixel 54. Al- 
ternatively, as illustrated, the array 42 may comprise a 
one dimensional array of lenticular microlenses so that 
each microlens 58 is disposed above a respective col- 
umn of composite pixels 54. 

[0058] The reflector arrangement 53 comprises a plu- 
rality of field reflectors 59. which are shown as being 
faceted in Figure 6. Each field reflector 59 has conver- 
gent optical power in a direction which is transverse to 
the device optical axis 60 but has no optical power in a 
second direction which is transverse to the axis 60 and 
to the plane of Figure 6. The faceted surface has sub- 



stantially the same effect as a continuous relief structure 
except that the overall thickness is reduced. In the em- 
bodiment shown in Figure 6. each of the reflectors 59 is 
cylindrically converging with its focal length being sub- 
s stantially equal to half the distance between the reflector 
and the plane of the apertures of the microlens array 42. 
Thus, for incident light of a predetermined angle, each 
reflector 59 forms an image of the aperture A of one mi- 
crolens at or within the aperture B of an adjacent micro- 
lens or, as described hereinafter, at a different part of 
the same microlens. 

[0059] Figure 7 illustrates the operation for one of the 
component colour illuminating beams from the input pu- 
pil 44. The microlens images the incident light to an Im- 
15 age at the plane of the liquid crystal layer 52 of the LCD 
panel 40. Each image is associated with the aperture of 
a pixel and, because the red, green and blue illumination 
directions are angularly separated, red, green and blue 
images are produced and aligned with the apertures of 
20 respective sub-pixels 55 to 57. 

[0060] The field reflectors 59, which are disposed im- 
mediately adjacent the liquid crystal layer 52, have op- 
tical power in the transverse direction shown in Figure 
7 so that, for example, the aperture A of an "input" mic- 
25 rolens is imaged onto the aperture B of an "output" mi- 
crolens (which may act as an input microlens for an ad- 
jacent composite colour pixel). The input pupil 44 is im- 
aged to the output pupil 45. 

[0061] Figures 8 to 10 compare the performance of 

30 the projection system illustrated in Figures 5 to 7 with 
that of the known system, for example as disclosed in 
US 5 825 443. For the sake of clarity, these systems are 
illustrated in Figures 8 to 1 0 as the equivalent transmis- 
sion systems so that the ray paths can be more easily 

35 followed. Thus, as shown in Figures 8 and 9, the equiv- 
alent transmission system to the reflective arrangement 
of known type at the device level comprises input and 
output microlenses 61 and 62 and an LCD pixel 63. In 
the known arrangement, the reflector has no optical 

40 power whatever but is merely a plane mirror. Thus, for 
incident light passing through the centre of the pixel 63, 
all of the incident light will be reflected as output light. 
However, for light passing through an edge of the pixel 
63 as shown in Figure 9, only part of the illuminating light 

45 cone will be supplied to the projection lens. The remain- 
ing part of the light cone is lost because of vignetting 
from the edge of the pixel. 

[0062] Figure 10 illustrates the equivalent arrange- 
ment for the display shown in Figures 5 to 7. In this case, 

so the field reflector 59 is illustrated as the transmissive- 
mode equivalent of a converging lens. The element 59 
images the aperture of the input microlens 61 onto the 
aperture of the output microlens 62 and the effect of this 
is to ensure that substantially all of the input cone of il- 

55 laminating light passes through the microlens 62 and 
hence to the projection lens so that light loss caused by 
vignetting is greatly reduced or eliminated. Accordingly, 
for a given illuminating power, a brighter display may be 



10 



7 



13 



EP1 089 115 A1 



produced. 

[0063] Figure 1 1 illustrates the effect of vignetting on 
a known type of system which is similar to that shown 
in Figure 7 but in which the field reflectors with optical 
power are replaced by plane reflectors with no optical 
power. The effect of vignetting is to lose reflected light 
to an auxiliary exit pupil 64. Such light is not gathered 
by the projection optics whose input pupil corresponds 
to the output pupil 45. Thus, the brightness of the image 
produced by the display is reduced. If the projection lens 
is large enough to capture the light from the adjacent 
pupil 64 as well as the main pupil 45, then the light from 
adjacent composite colour pixels will appear to come 
from the same microlens and will then be mixed on the 
projection screen so that the modulation transfer func- 
tion of the display will be degraded. Additionally, such a 
high numerical aperture of capture of the projection lens 
is unlikely to produce satisfactory aberrational perform- 
ance. 

[0064] Figures 1 2 to 14 are similar to Figures 8 to 1 0, 
respectively, but compare the performance of the dis- 
play shown in Figures 5 to 7 with the known type of dis- 
play shown in Figure 4 having the inclined plane reflec- 
tors 19 to 21 . Thus, the edge sub-pixels have the tilted 
plane mirrors 20 and 21 which steer light back towards 
the centre of the output pupil. Figure 13 illustrates that 
vignetting still occurs for this system whereas, as shown 
in Figure 1 4, the field reflector 59 with convergent optical 
power substantially removes or avoids this effect. 
[0065] Figure 15 illustrates the relative lateral align- 
ment of the composite pixel 54 and the colour compo- 
nent sub-pixels 55 to 57 with the microlenses 58 of the 
array 42. The pixels and sub-pixels are arranged as a 
rectangular array of rows and columns and the lenti- 
cules of the array 42 are arranged in the column direc- 
tion. Adjacent pairs of lenticules 42 are arranged sym- 
metrically over a respective column of composite pixels 
54. Such an arrangement produces input and output pu- 
pils which are "horizontally" separated by one pupil sep- 
aration as illustrated in Figure 16. Each reflector 59 
forms an image of the aperture A of part of one microlens 
at the aperture B of the adjacent microlens. The remain- 
ing optical system of the display forms the output pupil 
immediately adjacent the input pupil 46. 
[0066] Figure 1 7 illustrates a modified arrangement in 
which the input and output pupils 44 and 45 are sepa- 
rated by two pupil separations or pitches. In this case, 
each reflector 59 forms an image of the aperture A at 
the aperture B of the next but one microlens. 
[0067] Figures 1 8a to 18c illustrate an alternative ar- 
rangement in which the input and output pupils are Ver- 
tically" separated by an arbitrary separation. In this 
case, each reflector images a microlens aperture back 
onto the same microlens aperture as shown in Figure 
18b but at a spacing in the direction of the cylindrical 
axis of the microlenses as shown in Figure 18c. 
[0068] Figure 1 9 illustrates a modified arrangement of 
the type shown in Figure 18 in which an off-axis illumi- 



14 

nation results in a central output pupil. In order to 
achieve this, the reflectors 59 are blazed in the second 
direction i.e. that perpendicular to the direction in which 
they have optical power. An arrangement for achieving 
5 such off-axis input on-axis output is illustrated in Figure 
20. 

[0069] Figure 21 illustrates one possible arrangement 
of the field reflectors 59, in which the reflectors for the 
three sub-pixels 55 to 57 of a composite pixel are com- 
10 bined into a single curved reflector surface. Figure 21 
also illustrates at 59' how the single curved surface may 
be replaced by an equivalent faceted surface. 
[0070] Figure 22 illustrates another field reflector ar- 
rangement comprising an array of blazed plane surfac- 
es es, each of which has a different tilt. There is a plurality 
of such surfaces across the aperture and the effect of 
this is to provide a reflector of focal length such that a 
focused image is produced at or near the aperture of the 
output microlens. 
20 [0071] The display shown in Figure 23 differs from 
that shown in Figure 5 in that the polariser 43 is omitted 
and individual polarisers 65 and 66 are provided (the 
dichroic mirrors are not shown in Figure 23 for the sake 
of clarity). The polariser 65 is located at the input aper- 
25 ture and performs a "clean-up" function to ensure that 
the illuminating light which is incident on the reflective 
panel 40 is linearly polarised to a high degree. The po- 
lariser 66 is located at the output pupil and acts as an 
analyser for light from the liquid crystal pixels. The po- 
st) larising axes of the polarisers 65 and 66 are orthogonal 
to each other so as to provide a crossed polariser liquid 
crystal mode of operation. In this case, the polariser 43 
may be omitted. 

[0072] The optical intensity at the polarisers 65 and 

35 66 may be sufficiently high to degrade the performance 
of these polarisers. Figure 24 shows an alternative ar- 
rangement in which the polariser 65 is located in the il- 
lumination system where light intensity is much less. 
Similarly, the analyser 66 is disposed at the output of 

40 the projection lens 46 where the light intensity is much 
less. In this case, the analyser 66 comprises a non-ab- 
sorbing polariser 67 and an absorbing polariser 68. 
Again, the polariser 43 may be omitted 
[0073] The display shown in Figure 5 has the LCD 

45 panel 40 operating in the single polariser mode. How- 
ever, such an arrangement may have limited contrast 
performance and may be modified to operate as a 
crossed polariser device as shown in Figure 25. In this 
case, a patterned half wave retarder 70, for example of 

50 the type disclosed in GB 2 326 729 and EP 0 887 667, 
is disposed between the polariser 43 and the liquid crys- 
tal layer 52. 

[0074] Figure 26 illustrates the relative orientations of 
the transmission direction of the polariser 43 and the op- 
55 tic axes of the strips of the patterned retarder 70. The 
effective polarisation orientations of the light passing 
through the polariser 43 and the retarder 70 are illustrat- 
ed at 71 . The transmission direction of the polariser 43 



8 



BNSDOCID:<EP 1089115A1 I > 



15 



EP1 089 115 A1 



16 



is parallel to the optic axes of a first set of strips of the 
patterned retarder whereas the optic axes of a second 
set of strips, each of which is disposed between two of 
the first set of strips, is oriented at 45° to the transmis- 
sion direction of the polariser 43. Thus, light passing 
through the first strips such as 72 has its polarisation 
direction unchanged whereas light passing through the 
second strips such as 73 has its polarising direction ro- 
tated through 90°. 

[0075] As shown in Figure 25, the strips 72 and 73 are 
aligned with respective microlenses 42. Incident light for 
the liquid crystal layer 52 passes through, for example, 
a first strip 72 whereas the reflected light passes through 
the adjacent strip 73. This arrangement is equivalent to 
a liquid crystal mode with crossed polarisers and thus 
provides improved contrast ratio performance. 
[0076] Figurie 27 illustrates an alternative arrange- 
ment in which the patterned retarder 70 has alternate 
optic axes oriented at +22.5° and -22.5° with respect to 
the transmission direction of the polariser 43. The re- 
tarder 70 is disposed between the polariser 43 and an 
unpatterned half wave retarder 75 whose optic axis is 
oriented at +67.5° to the transmission direction of the 
polariser 43. The operation of this arrangement is sub- 
stantially the same as that illustrated in Figure 26 but 
the performance is more achromatic. 
[0077] Figure 28 illustrates a projection display which 
differs from that shown in Figures 5 to 7 in that the input 
and output pupils 44 and 45 are disposed off-axis with 
respect to the panel 40. An off-axis field lens 41 is used 
in this arrangement. 

[0078] An advantage of this arrangement is that spec- 
ular reflection occurring within the device 40 and the as- 
sociated parts are directed away from the output pupil 
45. For example, specular reflections 76 from the input 
surface of the field lens 41 are illustrated in Figure 28 
and are directed away from the projection lens pupil 
which coincides with the output pupil 45. Thus, such an 
off-axis arrangement reduces the amount of stray light 
entering the projection lens and has an improved con- 
trast ratio. 

[0079] In this respect, the crossed polariser arrange- 
ments illustrated in Figures 23 and 24 provide good re- 
jection of stray light because specularly reflected stray 
light has substantially the same polarisation as the illu- 
minating light and is extinguished by the output polaris- 
er. 

[0080] Figure 29 illustrates another arrangement for 
improving the contrast ratio by reducing the effects of 
Fresnel reflections at the field lens 41 and the microlens 
array 42 in a single-polarisation type of configuration. A 
linear polariser 78 and a quarter waveplate 79 are dis- 
posed between the reflective panel 40 and the microlens 
array 42. A linear to circular polarisation converter com- 
prising a linear polariser 80 and a quarter waveplate 81 
are disposed at the input pupil whereas a circular to lin- 
ear polarisation converter comprising a quarter wave- 
plate 82 and a linear polariser 83 are disposed at the 



output pupil. 

. [0081] Figure 30 illustrates an arrangement which dif- 
fers from that shown in Figure 5 in that the dichroic mir- 
rors 37 for separating the colour components of illumi- 
5 nating light are omitted and colour separation is per- 
formed by a blazed diffraction grating 85 or equivalent 
holographic optical element disposed between the field 
lens 41 and the microlens array 42. Light incident on the 
grating 85 is split into its spectral component directions 
10 by the dispersion of the diffraction grating. Upon reflec- 
tion from the panel 50, the dispersively separated light 
is recombined by the same transmission grating to pro- 
duce a white image of the illumination source at the pro- 
jection lens pupil. Such an arrangement does not in- 
crease the optical etendue of the light or separate the 
colour pupils in the aperture of the projection lens (sep- 
aration of colour pupils results in different aberrations 
for the red, green and blue components). 
[0082] Figure 31 illustrates a projection display which 
differs from that shown in Figure 5 in that the parts 32,33 
and 35 are replaced by an integrated rod 86 for homog- 
enising the output of the light source so as to produce 
uniform illumination of the pane! 40. The input aperture 
of the glass rod 86 is circular whereas the output aper- 
ture is rectangular with an aspect ratio which matches 
that of the panel 40. 

[0083] When dichroic mirrors are used to separate the 
light into three distinct colour beams, the numerical ap- 
erture of the optical system must be increased to cap- 
ture the increased optical etendue of the beam to avoid 
degrading the system efficiency. If the shape of the 
source is not altered, then the f-number of the projection 
lens must grow by a factor of three to capture all the 
light. Figure 32 illustrates the cross-sectional area of the 
white illuminating beam 90 and the reduction in the f 
number to capture the three adjacent colour component 
beams is illustrated at 91 . 

[0084] By altering the shape of the source so as to be 
rectangular and so that the aspect ratio of each of the 
colour images is 3:1 , the entrance pupil of the projection 
lens can be more efficiently filled so that the reduction 
in the f number of the projection lens is reduced to ap- 
proximately 2.2 as shown at 92. 
[0085] Etendue modification of the illumination source 
may be performed as illustrated in Figure 33. An homog- 
eniser 94 comprises two sets of lenslet arrays 95 and 
96, each comprising off-centered or eccentric, optical 
surfaces. The first array 95 comprises apertures whose 
shape is substantially identical to that of the panel 40 
and the optical centres create an array of closely packed 
images of the light emitter 30 at the plane of the second 
array 96. The array 96 comprises a respective lens lo- 
cated at each light emitter image and with an optical cen- 
tre whose position is determined by drawing a straight 
line between the physical centre of the rectangular im- 
age of the corresponding first lenslet of the array 95 and 
the physical centre of the intermediate rectangular im- 
age of the first lenslet aperture produced at a relay lens 
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97. The etendue modified image of the source is illus- 
trated at 98. 

[0086] Although not shown in Figure 33, the etendue 
modification may be performed with the polarisation 
conversion in a combined arrangement. 5 
[0087] As shown in Figure 21 , the reflectors 59 may 
be formed as continuous surfaces. However, reflectors 
of this type may require unacceptably large depth, for 
example resulting in excessive variations in thickness 
of the liquid crystal layer or in requirements for relatively 10 
deep planarisation. Figure 22 illustrates an alternative 
arrangement in which the reflectors are faceted so as to 
limit the depth to a predetermined maximum value. 
[0088] Figures 34 to 36 illustrate a method of making 
a faceted reflector of the type shown in Figure 22. Figure *5 
34 illustrates a grey-scale mask 99 which, for example, 
is made photographically in any suitable way. As shown 
in Figure 35, the mask 99 is disposed over a layer 100 
of a photo-resist and the optical density of the mask 99 
is determined so as to adjust the exposure of the layer 20 
100 taking into account any non-linear response of the 
material of the layer 1 00. The layer 1 00 is then exposed, 
for example to ultra violet radiation, through the mask 
99. The mask 99 is then removed and the exposed layer 
1 00 is developed so as to obtain the desired facet profile 25 
for the reflector. Finally, the profile is metallised as 
shown in Figure 36 to form the reflectors 59. 
[0089] In order to reduce the sensitivity to process 
condition variations, the grey-scale mask 99 may be re- 
placed by a binary multi-step mask or a half-tone mask. 30 
Alternatively, the required pattern of exposure may be 
formed directly on the layer 1 00 by direct writing with a 
laser or an electron beam. 

[0090] Another technique which may be used com- 
prises forming an inverted surface profile in a metallic 35 
shim and producing replicas by casting, embossing, or 
injection moulding techniques. 

[0091] The reflectors 59 may alternatively comprise 
volume reflection holograms. 

[0092] Figure 37 illustrates in more detail a possible *o 
construction of the device 40 in the form of a thin film 
transistor LCD. The counter-substrate 51 is made of 
glass and carries on its lower surface a transparent elec- 
trode arrangement 110, for example made of indium tin 
oxide (ITO), and a suitable alignment layer 111 for the «s 
liquid crystal mode employed by the device. 
[0093] The lower substrate 50 is also made of glass 
and carries on its upper surface a thin film transistor ad- 
dressing arrangement or circuitry 112 including transis- 
tors such as 1 1 3. The reflectors 59 are disposed on top $0 
of the TFT circuitry 1 1 2 and via holes 1 1 3 are formed to 
permit the appropriate connections from the transistors 
1 13 to electrodes. The holes are, for example, sputtered 
with metal so as to provide the conductive paths. A 
planarisation layer 114 is formed on the reflectors 59 55 
and carries an ITO electrode arrangement 115 and an 
alignment layer 116. The two substrates are separated 
by suitable space (not shown) and the intervening cavity 



is filled with liquid crystal material 117. 
[0094] Figure 38 illustrates an arrangement which dif- 
fers from that shown in Figure 37 in that planarisation of 
the reflectors 59 is not required. In this case, the faceted 
reflectors 59 are coated with aluminium and may be 
used as the electrodes for the liquid crystal mode. A suit- 
able alignment layer (not shown) is disposed on the re- 
flectors 59. 

[0095] The microiens array 42 may be made as an 
embossed acrylic or by any suitable technique for form- 
ing surface relief lenses, such as melted photo-resist. 
The array 42 may alternatively comprise gradient index 
lenses such as Nippon Sheet Glass GRIN lenses. A fur- 
ther alternative is illustrated in Figure 39. In this case, a 
substrate 120 has formed therein negative profile lenses 
121 which contain a high refractive index transparent oil 
or gel 122. 

[0096] Further alternatives include forming the micro- 
lenses of the array in the surface of the counter-sub- 
strate 51 or within the structure of the counter-substrate 
51. 

[0097] As mentioned hereinbefore, the use of curved 
surfaces for the reflectors 59 as shown in Figure 21 may 
be disadvantageous because of the depth required. Fig- 
ure 40 illustrates a technique for avoiding this difficulty. 
In this arrangement, the superstate 51 has formed ther- 
eon a compensating structure 125 which has the oppo- 
site profile of the reflectors 59. This arrangement allows 
a liquid crystal layer 52 of substantially constant thick- 
ness to be provided and so reduces or avoids undesir- 
able effects which may occur in a liquid crystal layer of 
varying thickness. 



Claims 

1. An optical device comprising an array (42) of con- 
vergent microlenses (58) disposed in front of a re- 
flective spatial light modulator (40) comprising a 
plurality of rear reflectors (59), characterised in that 
each of the rear reflectors (59) has convergent op- 
tical power. 

2. A device as claimed in claim 1 , characterised in that 
each of the reflectors (59) is arranged to form a lat- 
erally displaced image (B) of a microiens aperture 
(A) or a part thereof substantially at the plane of the 
apertures of the microlenses (58) of the array (42). 

3. A device as claimed in claim 2, characterised in that 
the size of the image (B) is substantially the same 
as the size of the microiens aperture (A) or part 
thereof. 

4. A device as claimed in claim 2, characterised in that, 
for a predetermined direction of incident illumina- 
tion, each of the reflectors (59) is arranged to form 
an image of a first microiens aperture (A) or part 
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thereof at or within a second microlens aperture (B) 
or part thereof . 

5. A device as claimed in any one of the preceding 
claims, characterised in that each of the reflectors 
(59) has a focal length substantially equal to half the 
optical path between an associated one of the mic- 
rolenses (58) and the reflector (59). 

6. A device as claimed in any one of the preceding 
claims, characterised in that each reflector (59) has 
convergent optical power in a first direction trans- 
verse to an optical axis (60) of the device and has 
no optical power in a second direction transverse to 
the optical axis (60) of the device and substantially 
perpendicular to the first direction. 

7. A device as claimed in claim 6 when dependent on 
claim 4, characterised in that each reflector (59) is 
blazed in the second direction , and the first and sec- 
ond microlens apertures (A, B) comprise different 
parts of the same microlens aperture. 

8. A device as claimed in any one of the preceding 
claims, characterised in that each reflector (59) 
comprises a metallised relief structure. 

9. A device as claimed in claim 8, characterised in that 
each reflector is faceted (59'). 

10. A device as claimed in any one of claims 1 to 7, 
characterised in that each reflector (59) comprises 
a volume holographic element. 

11. A device as claimed in any one of the preceding 
claims, characterised in that each of the microlens- 
es (58) has optical power in a third direction trans- 
verse to an optical axis (60) of the device and no 
optical power in a fourth direction transverse to the 
optical axis (60) of the device and substantially per- 
pendicular to the third direction. 

1 2. A device as claimed in claim 1 1 when dependent on 
claim 6, characterised in that the third and fourth 
directions are substantially parallel to the first and 
second directions, respectively. 

1 3. A device as claimed in claim 11 or 1 2, characterised 
in that the array (42) of microlenses (59) comprises 
a one dimensional array of cylindrically converging 
microlenses. 

14. A device as claimed in any one of the preceding 
claims, characterised in that each microlens (58) or 
part thereof is associated with a respective set of 
the reflectors (59). 

15. A device as claimed in claim 14, characterised in 



that the spatial light modulator (40) comprises a plu- 
rality of composite picture elements (54), each of 
which is associated with a respective microlens (58) 
or part thereof and comprises a plurality of sub-pic- 
5 ture elements (55-57), each of which is associated 
with a respective one of the respective set of the 
reflectors (59). 

1 6. A device as claimed in claim 1 4 or 1 5, characterised 
10 in that the reflectors (59) of each set are different 

from each other and corresponding reflectors (59) 
of the sets are substantially identical to each other. 

17. A device as claimed in any one of the preceding 
claims, characterised in that the spatial light modu- 
lator (40) comprises a liquid crystal device. 

18. A device as claimed in claim 17, characterised in 
that the reflectors (59) are disposed between a liq- 
uid crystal layer (52) and a substrate (50) of the liq- 
uid crystal device (40). 

19. A device as claimed in claim 18, characterised in 
that the reflectors (59) are planarised (114). 

20. A device as claimed in claim 1 8, characterised in 
that a further substrate (51) of the liquid crystal de- 
vice (40) has a surface relief (125) corresponding 
to the reflectors (59) so that the liquid crystal layer 
(52) has a substantially uniform thickness. 

21. A projection display characterised by comprising a 
device (40, 42) as claimed in any one of the preced- 
ing claims, an illumination system (30-39) for illumi- 
nating the device (40, 42), and projection optics (46) 
for projecting an image corresponding to modula- 
tion of light from the illumination system (30-39) by 
the spatial light modulator (40). 

22. A display as claimed in claim 21, characterised in 
that the projection optics (46) have an input pupil 
(45) which is laterally spaced from an output pupil 
(44) of the illumination system (30-39). 

23. A display as claimed in claim 22, characterised in 
that the output pupil (44) is disposed off-axis with 
respect to the device (40, 42). 

24. A display as claimed in claim 22 or 23, character- 
ised in that the input pupil (45) is disposed on-axis 
with respect to the device (40, 42). 

25. A display as claimed in claim 22 or 23, character- 
ised in that the input pupil (45) is disposed off-axis 
with respect to the device (40, 42). 

26. A display as claimed in any one of claims 21 to 25, 
characterised by a field lens (41 ) disposed between 
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the illumination system (30-39) and the array (42) 
of rnicrolenses (58). 

27. A display as claimed in any one of claims 21 to 26. 
characterised in that the illumination system (30-39) 
comprises separating means (37, 85) for angularly 
separating red, green and blue components of light 
for illuminating the spatial light modulator (40). 

28. A display as claimed in claim 27, characterised in 
that the separating means comprise a plurality of 
relatively tilted dichroic mirrors (37R, 37G, 37B). 

29. A display as claimed in claim 27, characterised in 
that the separating means comprise a diffraction el- 
ement (85). 

30. A display as claimed in claim 29, characterised in 
that the diffraction element comprises a blazed dif- 
fraction grating (85). 

31. A display as claimed in any one of claims 21 to 30, 
characterised in that the illumination system (30-39, 
65) is arranged to illuminate the spatial light modu- 
lator (40) with light having a first polarisation and 
the projection optics (46) comprise a linear polariser 
(66) for passing light from the spatial light modulator 
(40) having a second polarisation substantially or- 
thogonal to the first polarisation. 

32. A display as claimed in any one of claims 21 to 30, 
characterised in that the device (40. 42) comprises 
a linear polariser (43). 

33. A display as claimed in claim 32, characterised in 
that the device (40, 42) comprises a patterned half 
wave retarder (70) comprising first regions (72) 
whose optic axes are parallel or perpendicular to 
the transmission axis of the polariser (43) and sec- 
ond regions (73) whose optic axes are oriented at 
45° to the first axes. 

34. A display as claimed in claim 32, characterised in 
that the device comprises: a patterned half wave re- 
tarder (70) comprising first and second regions 
whose optic axes are oriented at +22.5° and -22.5° 
to the transmission axis of the polariser (43); and 
an unpattemed retarder (75) whose optic axis is ori- 
ented at 67.5° to the transmission axis of the polar- 
iser (43). 

35. A display as claimed in any one of claims 21 to 30, 
characterised in that the illumination system (30-39) 
comprises a linear to circular polarisation converter 
(80, 81), the device (40, 42) comprises a quarter 
waveplate (79) and a linear polariser (78), and the 
projection optics (46) comprise a circular to linear 
polarisation converter (82, 83). 



36. A display as claimed in claim 35, characterised in 
that each of the linear to circular and circular to lin- 
ear polarisation converters comprises a linear po- 
lariser (80. 83) and a quarter waveplate (81 , 82). 
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